Antibodies were used to probe the degree of association of starch biosynthetic enzymes with starch granules isolated from maize (Zea mays) endosperm. Craded washings of the starch granule, followed by release of polypeptides by gelatinization i n 2 % sodium dodecyl sulfate, enables distinction between strongly and loosely adherent proteins. Mild aqueous washing of granules resulted in near-complete solubilization of ADP-glucose pyrophosphorylase, indicating that little, if any, ADP-glucose pyrophosphorylase is granule associated. In contrast, all of the waxy protein plus significant levels of starch synthase I and starch branching enzyme II (BEll) remained granule associated. Stringent washings using protease and detergent demonstrated that the waxy protein, more than 85% total endosperm starch synthase I protein, and more than 45% of BEll protein were strongly associated with starch granules. Rates of polypeptide accumulation within starch granules remained constant during endosperm development. Soluble and granule-derived forms of BEll yielded identical peptide maps and overlapping tryptic fragments closely aligned with deduced amino acid sequences from BEll cDNA clones. These observations provide direct evidence that BEll exits as both soluble and granule-associated entities. We conclude that each of the known starch biosynthetic enzymes i n maize endosperm exhibits a differential propensity to associate with, or t o become irreversibly entrapped within, the starch granule.
* Corresponding author; e-mail wasserman8aesop.rutgers.edu; fax 1-908-932-6776. molecular size as well as chain length, and the frequency of branch points in amylopectin are believed to be the key factors in determining the properties of starch-based food and industrial products. The biochemical and genetic characterization of starch biosynthetic enzymes is proceeding at a rapid pace, especially with regard to the number of different isoforms, their solubility, and their subcellular localization (Wasserman et al., 1995) . Genetic manipulation of the final three enzymes in the starch biosynthetic pathway, AGP, starch synthase, and starch branching enzyme, has the potential to have a great impact on starch yield and fine structure (Stark et al., 1992; Muller-Rober and Kossmann, 1994; Martin and Smith, 1995; Smith et al., 1995; Wasserman et al., 1995) .
Interest by our laboratory in the structure and function of starch biosynthetic enzymes in maize (Zea mays) endosperm has necessitated an examination of the degree of association of starch biosynthetic enzymes with starch granules. In a previous study (Mu et al., 1994) , we demonstrated that soluble SSI activity in normal maize (cv B73) correlated with a 76-kD polypeptide. However, we also observed that the starch granule contained abundant levels of an immunologically cross-reactive polypeptide of the same molecular size. Subsequently, we have isolated a full-length clone of this protein (Harn et al., 1995) and have demonstrated that the deduced amino acid sequence bears 76% homology with a soluble starch synthase from rice (Baba et al., 1993) . Moreover, two tryptic fragments obtained from the electropurified protein isolated from maize starch granules exhibit complete identity with the cDNA SSI clone (C. Harn, personal communication). We found that virtually the same set of observations applies to BEII. These findings strongly suggest that SSI and BEII exist as both soluble and granule-associated forms. Various approaches have been used to investigate the spatial distribution of starch biosynthetic enzymes in endosperm or embryo tissue. Classification of a starch bio-Plant Physiol. Vol. 111, 1996 synthetic enzyme as "soluble" is generally straightforward, since it denotes the recovery of measurable enzyme activity following remova1 of insoluble material. Classification as "granule bound" is more indirect, and a number of distinct approaches have been adopted to pinpoint isoform localization. Identification of the 60-kD waxy protein of maize, which correlates with the synthesis of amylose, was achieved genetically by isolation of an amylose-free mutant devoid of this protein (Nelson and Rines, 1962; Shure et al., 1983) . Two biochemical approaches have been used to pinpoint granule-bound starch synthetic enzymes and polypeptides. To release granule-associated activities, isolated starch granules are digested with amylases (Macdonald and Preiss, 1985; Smith, 1990; Sivak et al., 1993) ; however, this technique may result in low yields and does not necessarily distinguish between loosely entrapped and strongly adherent proteins. Furthermore, in cases in which soluble polypeptides exhibiting a starch biosynthetic activity have first been identified, granules are isolated by sedimentation and are washed with cold SDS and/ or protease to remove loosely adsorbed or entrapped proteins. Strongly adherent proteins are then released from the starch matrix by gelatinization in the presence of SDS (Tsai, 1974; Echt and Schwartz, 1981; Denyer et al., 1993; Mu et al., 1994) . These granule-derived polypeptides can then be analyzed structurally and immunologically to establish degrees of similarity between the soluble and granulederived forms. Whereas isolated granules yield tightly bound proteins, the thermal gelatinization and detergentextraction procedures inactivate most enzymes. Nevertheless, when steps are taken to promote renaturation, measurable activities of starch synthase have been recovered in pea (Denyer et al., 1993) , wheat (Denyer et al., 1995) , and potato (Edwards et al., 1995) .
In this paper, we describe the degree of association of starch biosynthetic enzymes with starch granules from maize endosperm. To achieve this, a series of graded washings were utilized in conjunction with antibodies recognizing selected polypeptides. Endosperm dissected by hand was homogenized and subjected to a 15,0009 centrifugation, from which the freely soluble fraction was recovered. The 15,OOOg granule fraction was then subjected to mild aqueous washing, and total granule-associated proteins, consisting of both loosely adsorbed and strongly entrapped polypeptides, was then recovered. The distribution of specific polypeptides was ascertained by immunoblotting soluble fractions and granule extracts, thereby providing a general indication of the tendency of each polypeptide to associate or partition with the starch granule. A more stringent wash procedure was then used to identify those proteins that are tenaciously bound to the starch granule. This wash, which was designed to remove proteins adsorbed at the granule surface or adsorbed to the granule by weak, noncovalent interactions, consisted of thermolysin digestion of starch granules, followed by washing with 2% SDS. Thermolysin is a protease excellently suited for probing starch granules. Because it is thermophilic, granules can be effectively probed at temperatures at which gelatinization occurs. A second advantage is that thermolysin reactions can be abruptly terminated by the addition of EDTA to chelate Ca2+, thus reaction times can be carefully controlled (Xu and Chitnis, 1995) . A third advantage is that, at a molecular mass of 34 kD, thermolysin does not overlap with any important granule-associated proteins.
Using the graded washing approach, we demonstrate that large quantities of endosperm-localized SSI and BEII polypeptides are granule associated. This study provides evidence that each of the known starch biosynthetic enzymes in maize endosperm exhibits a differential propensity to associate with or to become irreversibly entrapped within the starch granule.
MATERIALS A N D METHODS

Materials
Kernels of maize (Zea muys, inbred line B73) were collected from ears of greenhouse-grown plants 18 to 21 DAP, frozen in liquid N,, and stored at -80°C. Sweet corn (cv Silver Queen) was obtained from a local farm. Polyclonal antibodies recognizing the 60-kD waxy protein, the 76-kD soluble SSI, and the 85-kD BEII were produced from granule-extracted proteins (Mu et al., 1994) . Anti-BEII crossreacts with both BEIIa and IIb, which now appear to be structurally related isoforms encoded by distinct genes (Fisher et al., 1996) . Antibodies for tomato AGP were a generous gift from Dr. Bing-Yuan Chen and Dr. Harry Janes (Rutgers University, New Brunswick, NJ). This antibody was raised against both large and small subunits. With starch granules from maize, the AGI' antibody yielded a strong signal with the small subunit at an apparent molecular m a s of approximately 54 kD, and it yielded a weak signal with the large subunit of approximately 60 kD. The AGP small subunit appears to be more widely conserved between species than the large subunit (Nakata et al., 1991) . Thermolysin (protease type X from Bacillus fhermoproteolyticus; EC 3.4.24.4) was obtained from Sigma.
Starch Granule lsolation
Starch granules were isolated by low-speed centrifugation as described (Mu et al., 1994) , with the addition of an ethanol wash to remove storage proteins. We refer to these granules as "crude," since they contain loosely adsorbed proteins from the soluble fraction, which can be removed by extraction with cold SDS and/or protease. Endosperm was obtained by hand removal of embryos and pericarp and held on ice. To 5 g of endosperm, 10 mL of buffer A (1.25 mM DTT, 10 mM EDTA, 10% glycerol, and 50 mM Tris-HC1, pH 7.0) were added, and mixtures were homogenized using a mortar and pestle. Cellular debris was removed through two layers of Miracloth (Calbiochem). Filtrates were then centrifuged at 15,0008 for 15 min. To obtain clean-white granules, the delicate yellow gel-like layer on top of the packed white layer of sedimented starch granules must be carefully removed by gentle aspiration. The 15,OOOg supernatants were recovered for determination of soluble protein profiles by SDS-PAGE or immunoblotting. The resultant crude granules were washed twice with buffer A, twice with 70% ethanol to remove low-molecular-weight storage proteins, twice with cold acetone, and dried under N,.
Protease Digestion and Detergent Extraction of
Starch Granules
To identify strongly adherent, granule-bound proteins, crude granules were treated with thermolysin and extracted with SDS. A 1-mL solution containing 50 mg of crude starch granules (dry weight) was incubated with 100 pg of thermolysin and 5 mM CaC1, at 37°C. Reactions were terminated at 30 min by the addition of EDTA to 20 mM (Xu and Chitnis, 1995) . Starch granules were centrifuged at 13,OOOg for 5 min. Residual thermolysin was removed by five successive washings with water. The resultant granules were extracted with 2% SDS at room temperature, and washings with water were repeated. Granules were then washed with ethanol and acetone and dried under N,. Proteins were extracted as described below. Controls contained buffer in place of thermolysin.
Thermolysin digestion of proteins following their release from starch granules was conducted as follows: crude starch granules (50 mg dry weight) were boiled for 15 min in 1 mL of SDS-PAGE sample buffer (3% SDS, 5% pmercaptoethanol, 10% glycerol, and 62.5 mM Tris-HCI, pH 6.9). After the samples were centrifuged, 100 pg of thermolysin was added, with reactions conducted and terminated as above. Protein composition was then analyzed (see below).
Protein Extraction
Granule-associated proteins were obtained by extracting starch granules with SDS-PAGE sample buffer (20 pL of buffer per mg of granule, dry weight). Mixtures were then boiled for 15 min, cooled to room temperature, and centrifuged at 13,0008 for 15 min. Extracted proteins were analyzed by SDS-PAGE and were visualized by double-staining with Coomassie blue and silver (Integrated Separation Systems, Hyde Park, MA) and by immunoblotting (see below).
Preparation of Soluble BEll
A11 steps were conducted at 4°C or on ice. Endosperm (160 g) from kernels of cv Silver Queen was removed from the pericarp and embryo by hand and suspended in 150 mL of buffer A. Mixtures were homogenized using a highspeed blender and filtered through two layers of Miracloth to remove cellular debris. Suspensions were centrifuged at 20,OOOg for 30 min. To obtain soluble enzymes, supernatants were brought to 30% (w/v) ammonium sulfate, and pellets were recovered by centrifugation at 100,OOOg for 45 min. Ultracentrifugation was necessary to remove the finely suspended particles of phytoglycogen. The top yellow layer containing lipid and storage protein was removed by gentle aspiration, and the loosely adherent transparent layer at the bottom, which contained the bulk of BEII and starch synthase activity, was dissolved in 80 mL of buffer A and dialyzed overnight against 1 L of buffer A.
The dialysates were used directly for ion-exchange chromatography or were stored at -80°C.
Ion-exchange chromatography using Q-Sepharose (Sigma) was conducted in a 2.5-x 7.5-cm column equilibrated with buffer A. Dialysate (40 mL) was applied at a flow rate of 50 mL h-l. The column was then washed with 50 mL of buffer A and eluted with a 300-mL gradient of KCl (0-0.6 M) in buffer A, with fractions of 5 mL collected. Residual phytoglycogen eluted in the void volume. Fractions were assayed for starch branching enzyme activity. Protein was determined by the Coomassie blue dye-binding assay using BSA as the standard (Bradford, 1976) .
Column fractions from the Q-Sepharose columns were precipitated with 5% TCA and 30% acetone. TCA precipitation mixtures were incubated on ice for 20 min and then centrifuged at 13,500g for 15 min. Precipitated proteins were then resuspended in SDS-PAGE sample buffer and heated at 70°C for 5 min. SDS-PAGE was carried out at a constant current (approximately 12 mA/ gel). Proteins were visualized by staining with Coomassie blue R-250 (10Y0 acetic acid, 40% methanol, and 0.1% Coomassie blue R-250).
Enzyme Assay
Starch branching enzyme activity was assayed by the phosphorylase a stimulation method (Hawker et al., 1974) . Assay mixtures of 200 pL contained 50 mM [14C]Glc-1-P (1.3 pCi mmol-l), 1 miv AMP, 1 to 1.2 units of phosphorylase a (Sigma), 0.1 M sodium citrate buffer, pH 7.0, and enzyme. Mixtures were incubated at 30°C for 30 min, and reactions were terminated by heating at 100°C for 2 min. Radiolabeled reaction products were recovered by alcohol precipitation (2 mL of 75% [v/v] methanol and 1% [w/v] KCI), followed by centrifugation at 16008 for 3 min. Products were precipitated twice and radioactivity was determined by liquid scintillation counting. Activity is expressed as total counts per minute incorporated into CY-Dglucan per assay mixture.
Analytical Procedures
SDS-PAGE was conducted on 9 to 18% gradient gels (Laemmli, 1970) with modifications (Porzio and Pearson, 1976) .
For immunoblotting, proteins were electrophoretically transferred from SDS gels to nitrocellulose membranes (Schleicher & Schuell) in 0.1% SDS, 100 mM Gly, and 10 mM Tris-HC1, pH 8.0 (Towbin et al., 1979) . The membranes were soaked for at least 1 h in TBS buffer (0.15 M NaCl and 10 mM Tris-HC1, pH 7.4) containing 1% BSA to block nonspecific binding sites. Antiserum (30 mL, 1:10,000 dilution) was then added and incubated overnight with gentle shaking. Following three washes with TBS, blots were incubated with alkaline phosphatase-conjugated goat antirabbit IgG (Bio-Rad) at a 1:3,000 dilution for 2 h. Blots were then washed three times with TBS and were equilibrated with 100 mM NaCl and 4 mM MgC1, in 10 mM Tris-HC1, pH 9.5, for 5 min. Blots were visualized using 0.015% 5-bromo- 4-chloro-3-indolyl phosphate p-toluidine and 0.03% pnitroblue tetrazolium chloride (Harlow and Lane, 1988) .
The 85-kD BEII polypeptide was isolated from excised gel slices by electroelution (model 422 electro-eluter, BioRad). Membrane caps were equilibrated for 1 h in protein elution buffer containing 1% SDS, 192 ITIM Gly, and 25 mM Tris-HCl, pH 8.3, and electroelution proceeded at a constant current (8-10 mA per glass tube) for 4 h.
Peptide mapping was performed on electroeluted proteins with endoproteinase Lys-C (Boehringer Mannheim) as described by Cleveland et al. (1977) . Protein (approximately 10 jug) was concentrated with 15% TCA. The pellets were resuspended in 60 /uL of 20 mM Tris-HCl buffer, pH 8.0, followed by the addition of 10 /u,L of proteinase (approximately 0.01 ju,g). Digestions were carried out at 37°C, terminated by TCA precipitation, and analyzed by SDS-PAGE and immunoblotting.
To prepare samples for amino acid sequencing, electroeluted protein was electrophoresed on 9 to 18% SDS gradient gels and transferred onto membranes (Immobilon-P SQ , Millipore) following the manufacturer's instructions. For the internal sequence, the protein was treated with endoproteinase Lys-C at 30°C for 15 min (1:100 dilution in 1 mM DTT, 0.02% SDS, and 20 mM Tris-HCl buffer, pH 8.0). Ponceau S-stained strips were excised and used for sequence determination.
RESULTS
Association of Starch Biosynthetic Enzymes with
Starch Granules
Partitioning between Soluble and Granular Fractions
The availability of polyclonal antibodies directed against the 54-and 60-kD small and large subunits of AGP, the 76-kD SSI, the 60-kD waxy protein, and the 85-kD BEII enabled an estimation of the tendency of these proteins to partition between soluble and granular phases (Fig. 1) . The BEII antibody cross-reacts with both BEIIa and BEIIb (Fisher et al., 1996) ; therefore, it was not possible to distinguish between the two isoforms.
The left lanes of each immunoblot contained a fixed level (50 /uL) of soluble endosperm extract (15,000g supernatant). Each right lane contained proteins extracted from 5 mg of the 15,000# starch granule pellet. Since this experiment probed the general tendency of polypeptides to partition between soluble and granular fractions, a crude granule fraction containing both weakly associated and tightly bound granule proteins was used. As expected, the waxy protein was found exclusively in the granule fraction (Fig.  1, lane 6) , and AGP polypeptides predominated in the soluble fraction. Crude granules contained detectable levels of AGP; however, we believe that AGP was weakly associated or bound to starch granules upon endosperm disruption, since this band was eliminated when rigorous washing techniques were applied (Figs. 2 and 3) .
In contrast to AGP, significant levels of SSI and BEII were granule associated (Fig. 1, B and D) . Whereas the signals from soluble and granule-associated forms of BEII were approximately equivalent (Fig. ID, lanes 7 and 8) , levels of soluble SSI were clearly diminished relative to the granuleassociated form. This provided the first evidence suggesting that SSI has a greater tendency to associate with maize starch granules than does BEII.
Strongly Adherent, Granule-Associated Proteins
To identify strongly adherent polypeptides, granules were subjected to protease digestion and detergent extraction to remove surface-bound proteins digested with thermolysin to hydrolyze proteins bound at the granule surface. Granules were then extracted with 2% SDS at room temperature to remove loosely entrapped proteins. Proteins were released by gelatinizing the starch by boiling for 10 min in SDS-PAGE sample buffer.
Granule-associated proteins were visualized by SDS-PAGE using double-staining with Coomassie blue and silver ( Fig. 2A) and by immunoblotting using the polyclonal antibodies (Fig. 2, B-E) . Three sets of starch granule samples were prepared. Controls were subjected to all wash steps, but thermolysin was omitted (Fig. 2, lanes 1) . The second set consisted of granules subjected to thermolysin treatment (Fig. 2, lanes 2) . Finally, to demonstrate that each of the polypeptides of interest is thermolysin-sensitive when removed from the starch granule, a third set of samples was gelatinized in 2% SDS to release bound proteins and then treated with thermolysin just prior to SDS-PAGE (Fig. 2, lanes 3) .
As demonstrated in Figure 2B , AGP was completely removed from these granules by this wash procedure, which is consistent with the behavior of the pea (Dry et al., 1992) and wheat (Denyer et al., 1995) enzymes. In contrast, SSI (Fig. 2C) , the waxy protein (Fig. 2D) , and BEII (Fig. 2E ) were tightly associated with the starch granule. Levels of these proteins were not reduced by treatment of starch granules with thermolysin (Fig. 2, lanes 1 versus 2) . However, when thermolysin was added following gelatiniza- tion of the starch matrix, each of these proteins became accessible to the protease and were completely digested (Fig. 2, lanes 3) . Resistance of SSI and BEII to thermolysin demonstrated that these proteins exist within the starch matrix rather than being simply adsorbed at the granule surface. This observation is consistent with proteinase Ktreated starch granules from wheat (Rahman et al., 1995) . The total spectrum of granule-associated proteins was examined by SDS-PAGE with visualization by doublestaining with Coomassie blue and silver ( Fig. 2A) . The waxy protein stood out as the most prominent band, however, the 76-kD SSI and 85-kD BEII polypeptides were clearly present. In contrast to wheat (Denyer et al., 1995) or pea (Dry et al., 1992) , bound polypeptides of molecular masses higher than 85 kD were not apparent. The granules also contained a number of other prominent polypeptides in the lower molecular mass range (e.g. 44, 39, 31, and 28 kD), functions for which remain unidentified. None of the proteins were extensively hydrolyzed by thermolysin ( Fig.  2A, lanes 1 versus 2) . However, consistent with the immunoblots (Fig. 2, B-E) , most of the polypeptides were thoroughly digested when thermolysin was added following disruption of the starch matrix ( Fig. 2A, lane 3) .
Granule Association during Grain Development
Dent maize (cv B73) grown under field conditions in 1995 was harvested at 5-d intervals beginning 10 DAP, and fractions were analyzed to determine whether protein distribution changed during the course of endosperm development. Starch granules were formed between 10 and 15 DAP, and the appearances of soluble AGP (Fig. 3A) , SSI (Fig. 3B) , and BEII (Fig. 3D) were coincident with the formation of granular material. Crude and extensively washed granule fractions were prepared as described above (Figs. 1 and 2 ) and analyzed. The results show that on a normalized basis polypeptide levels generally remained constant in both soluble and granular fractions and, therefore, were not subject to extensive variation during the course of endosperm development. Consistent with Figures 1 and 2 , all detectable AGP present in crude granules was removed following protease digestion and SDS washes, whereas SSI and BEII remained associated with washed granules.
By comparing band intensities to known protein standards, it was possible to calculate approximate levels of soluble and granule-associated polypeptides. Typical val- Plant Physiol. Vol. 111, 1996 ues derived for endosperm 20 DAP are given in Table I . This analysis demonstrates that AGP and the waxy protein both occurred in abundant quantities, with more than 100 jig of each/g of endosperm. In contrast, levels of the SSI and BEII polypeptides were 4-fold less, on the order of 20 to 30 u.g of each/g of endosperm.
In contrast to AGP, in which approximately 90% was soluble, significant levels of the SSI and BEII polypeptides partitioned with the granular fraction. To partition starch biosynthetic polypeptides in maize endosperm (Table I) , relative protein levels of bands on imrnunoblots from endosperm harvested 20 DAP (Fig. 3 , crude granules) were estimated using known amounts of electropurified BEII as the protein standard. Relative amounts of protein in each lane were determined based on band intensity, and the following calculations were then used to determine relative levels of each protein present in the 15,000g supernatant or pellet fractions, normalized to 1 g of endosperm tissue. For supernatants, the protein concentration was determined, and this value was multiplied by the total volume of the supernatant (typically 2.8 mL/g endosperm). The total amount of granule-associated protein was calculated by determining the amount of SDS-extractable protein directly obtainable from 5 mg of crude starch granules (dry weight basis). This value was then normalized to 1 g of endosperm by applying a conversion factor of 80 mg of crude granules (dry weight) per g of endosperm (fresh weight). A total of 28 ^g g" 1 BEII protein was recovered from the 15,000g supernatant and pellet fractions per g endosperm, using known amounts of electropurified BEII as the protein standard. Assuming that antibody reactivity does not significantly vary between the proteins, each gram of endosperm contained an estimated 171 jug of AGP, 128 /J,g of the waxy protein, 28 /n,g of BEII, and 24 /ig of SSI protein. Table I shows that approximately 90% of SSI and almost one-half of the total recoverable BEII polypeptide remained associated with the granule. Although it was known from our previous study that a significant amount of the SSI polypeptide was associated with the granule (Mu et al., 1994) , the extent of this association was not formerly apparent.
Thermolysin Susceptibility Coincides with Starch Gelatinization
At room temperature, granule-associated proteins were clearly inaccessible to thermolysin (Figs. 2 and 3) . . Proteolysis of granule-associated proteins by thermolysin coincides with starch gelatinization. Starch granules were incubated with thermolysin as described in "Materials and Methods" over the range of temperatures shown. Following extensive washing, the remaining proteins were extracted, analyzed by SDS-PACE, and visualized by double-staining with Coomassie blue and silver. Each incubation was conducted in the absence (-) or presence ( + ) of thermolysin, as indicated. In lanes 13 and 14, proteins were first extracted from an equivalent quantity of gelatinized starch and incubated in the absence (lane 13) and presence (lane 14) of thermolysin at 75°C. The degree of gelatinization is an index of relative turbidity of each sample after cooling. "-" indicates that the heated solution remained opaque; " + + + +" indicates total solubilization. Samples loaded on each lane consisted of total protein extracted from 5 mg of isolated granules.
However, starch granules expand as temperatures are increased, and it may be possible that swelling opens up pores within the granule, which would then expose granule-associated proteins to protease action. The high activity of thermolysin at elevated temperatures allowed us to address this question. Thus, granules were exposed to thermolysin over a range of temperatures. Proteins were then extracted and subjected to SDS-PAGE, and gels were visualized by double-staining with Coomassie blue and silver. We observed that BEII, SSI, and the waxy protein each resisted degradation at temperatures up to 69°C when held for 30 min (Fig. 4, lanes 2 and 4) . Above this temperature, starch began to gelatinize, and by 71 °C, BEII and SSI were completely degraded (Fig. 4, lane 8) . At 75°C, at which granules have taken-up large amounts of water, all of the granule-bound proteins were degraded by thermolysin (Fig. 4, lane 12) .
Control experiments using proteins solubilized from starch granules in SDS demonstrated that these proteins were completely degraded by incubation with thermolysin at 75°C (Fig. 4, lane 14) . Thus, we conclude that starch granules are tightly packed even at temperatures slightly below the gelatinization point and that bound BEII, SSI, and waxy protein remain inaccessible to thermolysin until granules undergo extensive swelling and eventual rupture. www.plantphysiol.org on October 15, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved.
Structural Comparisons of Soluble and Granule-Associated Forms of BEII
Soluble BEII
Comparative experiments required purified polypeptides from both soluble and granular fractions. Enzyme purification (Baba et al., 1982; Nakayama and Nakamura, 1994) , cDNA cloning (Fisher et al., 1993) , and bacterial expression (Guan et al., 1994 ) studies indicate that BEII is an 85-kD polypeptide. Q-Sepharose column fractions from soluble extracts of sugary maize (cv Silver Queen) were found to contain abundant levels of BEII and served as the source of the soluble protein (Fig. 5) . Coomassie bluestained gels demonstrated that the dominant 85-kD polypeptide (Fig. 5B) closely correlated with BEII activity (Fig. 5A) and binding of the BEII antibody (Fig. 5C) . 
Comparisons of Soluble and Granule-Derived Forms of BEII
The identity of the 85-kD polypeptide as BEII was further confirmed by alignment of tryptic fragments from electroeluted soluble and granule-derived protein with deduced sequence from BEII cDNA clones (Fig. 6 ) and by peptide mapping (Fig. 7) . Two of the tryptic fragments obtained from soluble and granule-derived species contained conserved overlapping stretches of sequence aligning with the deduced amino acid sequence of BEII from W64A (Fisher et al., 1993; Guan et al., 1994) . The divergence of 2 of the 13 amino acids in fragment 2 may reflect inherent variation Vol. 11 1 , 1996 between the lines of maize from which this information was obtained.
Endoproteinase Lys-C proteolytic fragmentation patterns were also compared. Granule-derived (Fig. 7 , lanes 2 4 ) and soluble (Fig. 7, lanes 5-7) forms of the 85-kD BEII were incubated with endoproteinase Lys-C at 37°C for 15 (Fig. 7, lanes 3 and 6) or 45 min (Fig. 7, lanes 4 and 7) . Both proteins yielded identical proteolytic fragmentation patterns, providing additional evidence that the two forms of BEII are structurally related.
DI SCUSSION
Elucidation of the biochemical mechanism of starch synthesis has been complicated by the existence of multiple enzyme isoforms and by an incomplete understanding of their solubility within endosperm tissue. The recent identification of SSI (Mu et al., 1994) and BEII (Baba et al., 1982; Fisher et al., 1993; Guan et al., 1994) polypeptides and the subsequent production of polyclonal antibodies has enabled us to probe the solubility of these polypeptides in maize endosperm tissue. To extend previous approaches for probing enzyme interactions with starch granules (Denyer et al., 1993 (Denyer et al., , 1995 Edwards et al., 1995) , we used a differential wash procedure to distinguish between loosely and strongly adherent polypeptides.
The waxy protein and AGP served as positive controls for this study. The waxy protein was entirely granule bound and AGI' was largely soluble (Figs. 1-3) . In contrast, polypeptides immunoreactive to the SSI and BEII antibodies exist as both soluble and granule-associated forms. More than 45% of BEII and 85% of SSI fractionates with starch granules following centrifugation and mild aqueous washes. We were surprised that such high proportions of what we considered to be soluble enzymes still fractionated with starch granules. Even following stringent washings of the granule with protease and SDS, significant amounts of SSI and BEII remained associated with the granule fraction. On the other hand, identical washings result in the complete remova1 of AGP from granules, substantiating its soluble nature. These results demonstrate that each of the known starch biosynthetic enzymes in maize endosperm exhibits a differential propensity to associate with or to become irreversibly entrapped within the starch granule. The fact that only a limited subset of total endosperm polypeptides strongly adhere to the granule supports the conclusions of Smith's group, who contended that the binding process may not merely be the result of the random entrapment of proteins within the starch matrix of developing endosperm (Denyer et al., 1993) .
The present developmental study shows that deposition of the waxy protein, SSI, and BEII remains approximately constant throughout endosperm development (Fig. 3) . When normalized on a per unit weight of starch basis, polypeptide levels do not exhibit any fluctuations over time, thus implying a steady and uniform accumulation of protein within the developing granule. Moreover, no net accumulation of SSI or BEII polypeptides is observed in soluble fractions as development proceeds. From these observations, we propose that soluble SSI and BEII polypeptides are synthesized throughout endosperm development, beginning sometime between 10 and 15 DAP in approximate developmental time. We believe that each molecule remains soluble until, by a mechanism yet to be determined, it becomes associated and eventually entrapped within the starch granule. It would be of great interest to determine whether rates of protein deposition exert any control over rates of synthesis or vice versa, whether bound protein levels are influenced by steady-state levels of soluble polypeptide.
The dual distribution of SSI and BEII raised questions pertaining to possible structural differences between soluble and bound forms of these enzymes. Soluble and granuleassociated forms may possess identical structures; however, they may also represent immunologically cross-reactive species of identical molecular mass that contain unique structural domains. To address t h s question, amino acid sequencing of tryptic peptides (Fig. 6 ) was used in conjunction with peptide mapping (Fig. 7) to directly compare soluble and granuleassociated forms. Since the low levels of soluble SSI precluded isolation of sufficient levels of soluble SSI to conduct these experiments, our efforts focused on BEII. Both forms yielded identical peptide maps and amino acid sequences aligning with the BEIIb cDNA clone. Similar conclusions may be , drawn for SSI based on the observation that tryptic fragments from the granules and another fragment obtained from the electropurified protein isolated from the soluble protein exhibit nearly complete identity with the cDNA SSI clone (C. Harn, personal communication).
with recent evidence demonstrating that BEIIa and IIb are distinct isoforms (Fisher et al., 1996) , a question that arises is whether one of the isoforms (e.g. BEIIa) is soluble and the other (e.g. BEIIb) is associated with the granule. The peptide-sequencing and -mapping studies (Figs. 6 and 7), using soluble BEIIb isolated by anion-exchange chromatography, clearly demonstrate that BEIIb exists in both places. The available evidence does not enable us to draw a clear distinction regarding the tendency of BEIIa to associate with the starch granule.
Although our analysis of granule-associated polypeptides clearly shows strongly adherent proteins of 85, 76, and 60 kD (Fig. 2, lanes 1 and 2) , a 92-kD polypeptide proposed to be a granule-bound SSII (Macdonald and I'reiss, 1985) was not observed. Since the 92-kD protein was observed only in extracts of amylase-digested starch, lack of this polypeptide in extensively washed granule fractions implies that it may not be tightly bound to the starch granule. Furthermore, the inability to detect polypeptides corresponding to the 100-to 105-kD granule-bound starch synthase of wheat (Denyer et al., 1995; Rahman et al., 1995) or the 92-kD granulebound starch synthase of potato (Edwards et al., 1995) may indicate that synthases of similar molecular mass are not found in maize endosperm.
The increasing body of data indicating structural identity between soluble and granule-associated forms of starch synthases and starch branching enzymes prompts a need for revised nomenclature to properly distinguish between enzyme isoforms. Since the majority of the polypeptide commonly termed soluble starch synthase I (SSSI) is now k n o w n to reside within the granule, we believe that "SSI" is a more accurate acronym describing the 76-kD enzyme from maize.
These findings clarify longstanding questions regarding the physical distribution of starch biosynthetic enzymes i n maize endosperm. The paucity of soluble SSI and BEII caused by their association a n d entrapment within the starch granule may explain some of the difficulties that have precluded purification of SSI a n d BEII to homogeneity (I'ollock and Preiss, 1980; Baba e t al., 1982; Mu et al., 1994) . Fortuitously, granules provide sufficient amounts of these proteins for antibody production (Mu et al., 1994) and amino acid sequencing. The relative contribution of the granule-asociated forms to chain elongation o r branching remains to be determined.
